Purple acid phosphatase (PAP) catalyzes the hydrolysis of phosphate monoesters and anhydrides to release phosphate within an acidic pH range. Among the 29 PAP-like proteins in Arabidopsis (Arabidopsis thaliana), AtPAP15 (At3g07130) displays a greater degree of amino acid identity with soybean (GmPHY) and tobacco PAP (NtPAP) with phytase activity than the other AtPAPs. In the present study, transgenic
INTRODUCTION
At pHs in the range of 4-7, purple acid phosphatases (PAPs) catalyze the hydrolysis of a wide range of activated phosphoric acid mono-and di-esters and anhydrides (Klabunde et al., 1996) . They are distinguished from the other phosphatases by their insensitivity to L-(+) tartrate inhibition, and are therefore also known as tartrateresistant acid phosphatases (TRAPs). Their characteristic pink or purple color derives from a charge-transfer transition between a tyrosine residue and the "chromophoric" ferric ion in the binuclear Fe(III)-Me(II) center, where the metal (Me) is Fe, Zn, or Mn (Schenk et al., 1999) . PAP proteins are also characterized by seven conserved amino acid residues (shown in bold face) in the five conserved motifs DXG, GDXXY, GNH(D/E), VXXH, and GHXH, which are involved in the coordination of the dimetal nuclear center (Li et al., 2002) .
PAPs are widespread in mammals, fungi, bacteria, and plants. Interestingly, while only a few copies of PAP-like genes are present in mammalian and fungal genomes (Mullaney and Ullah, 2003; Flanagan et al., 2006) , multiple copies are present in plant genomes (Schenk et al., 2000) . For example, 29 PAP-like genes have been identified in the Arabidopsis genome (Li et al., 2002) . It is intriguing that so many PAP-like genes are required for a plant metabolism; this diverse portfolio of PAP-like genes implies differential functions for them. Plant PAPs are generally considered to mediate phosphorus acquisition and redistribution based on their ability to hydrolyze phosphorus compounds (Cashikar et al., 1997; Bozzo et al., 2004; Lung et al., 2008) . However, Since the major storage form of phosphorus in plant seeds and pollen grains is phytate, PAPs with phytase activity may play a role in seed and pollen germination. However, not all PAPs exhibit phytase activity. The first plant phytase PAP, GmPhy, was isolated from the cotyledon of germinating soybean seedlings (Hegeman and Grabau, 2001) . A tobacco root PAP-phytase was identified more recently that is likely involved in mobilizing external organic phosphorus in soil (Lung et al., 2008) .
Relatively little is known about the biochemical properties and physiological roles of the 29 PAP-like Arabidopsis genes (del Pozo et al., 1999; Veljanovski et al., 2006 ). An enzyme assay involving the GST-AtPAP23 fusion protein revealed that the Arabidopsis PAP AtPAP23 exhibits phytase activity (Zhu et al., 2005) . A GUS study showed that AtPAP23 is exclusively expressed in the flower of the Arabidopsis plant. In a recent report, a recombinant AtPAP15 expressed in E. coli was also found to exhibit phytase activity; this PAP potentially modulates plant ascorbate synthesis through supply of myo-inositol from the phytate hydrolysis reaction (Zhang et al., 2008) . However, the possible physiological roles of AtPAP15 in phosphorus mobilization have not been examined.
In the present study, AtPAP15 expressed in a plant (tobacco) system was biochemically characterized, and its temporal and spatial expression patterns in Arabidopsis were examined. The physiological roles of AtPAP15 in phosphorus mobilization were also delineated. 
RESULTS

Overexpression and Purification of AtPAP15 in Transgenic Tobacco Plants
The soluble GST-AtPAP15 protein did not show any enzymatic activity. Therefore, a His-tagged AtPAP15 protein was stably overexpressed in tobacco plants using an explant method. Gene expression was confirmed by PCR (data not shown) and Western blotting analysis using specific anti-AtPAP15 antisera (Fig. 1a) . Phytase activity was ~3-fold greater in transgenic tobacco leaves compared to wild-type leaves (Fig. 1b) .
Leaves from permanent lines were used for further protein purification.
The purification of the AtPAP15 protein was achieved by ion-exchange, affinity, and gel filtration chromatography. The purification table of a representative run is shown in ions reduced the residual activities of the enzyme to 20% or 0%, respectively. The purified enzyme was significantly resistant to treatment with tartrate. Other compound supplements such as EDTA and citrate exerted no influence on enzymatic activity (Fig. 4) .
Substrate Specificity of Purified AtPAP15
Purified AtPAP15 exhibited broad substrate specificity (Table II) , with pNPP, PEP, and Na-pyrophosphate being the most effective substrates. Compared to activity towards pNPP, the activities towards various deoxyribonucleotide triphosphates (dNTPs) were ~30.5-51.9% and the activity towards phytate was 6.5%. Very low activity was seen when monophosphates (AMP or GMP) were used as substrates. Negligible activity was detected on G-6-P.
Kinetic Parameters of Purified AtPAP15
The kinetic parameters of AtPAP15 were measured when pNPP, PEP, or Na-phytate were used as substrates (Table III) . AtPAP15 had a relative higher affinity (K m = 278 µM) and lower V max (13.44 U mg -1 ) towards Naphytate than towards pNPP or PEP. The catalytic efficiencies (k cat /K m ) of the enzyme towards pNPP or PEP were ~10-fold higher than that towards Na-phytate.
The biochemical properties of the recombinant AtPAP15 from plant were very different from that presented in Zhang et al. 2008 , which reported the specific activities of a GST:AtPAP15 towards a few substrates. In our study, the GST:AtPAP15 produced from E. coli was inactive. In Zhang et al. 2008 , the specific activity of GST:AtPAP15 towards pNPP was only 0.546 U/mg, which was far lower than the plant-derived AtPAP15 (165 U/mg, Table III) and that reported for the other plant PAPs (222-368 U/mg for Tomato PAPs, Bozzo et al., 2002 and 266U/mg for KbPAP, Vogel et al., 2002) .
Regarding specific activities towards phytate, the two recombinant AtPAPs gave 10. 
Expression of AtPAP15 in Different Tissues and Developmental Stages of Arabidopsis
To determine the expression patterns of AtPAP15 with respect to specific tissue and developmental stages, transgenic A. thaliana expressing an AtPAP15 promoter::GUS fusion protein were produced. All three promoter regions directed the same pattern of GUS expression under normal growth conditions (data not shown).
Intense GUS staining was observed at the early stages of seedling establishment, and in the cotyledon, radicle, and hypocotyl ( Fig. 5a-d) . The signal was stronger and more diffuse in the cotyledon leaves, but weaker and more restricted in younger immature leaves (Fig. 5e ). In mature, fully-expanded rosette leaves of soil-grown Arabidopsis transgenic lines, GUS staining was predominantly detected in the vasculature (Fig. 5f ).
In roots, intense staining could be observed at all stages, but was mainly restricted to the vascular cylinder (Fig. 5g) . No expression could be found in the root hairs (Figure 5g) or in the root cap cells (Fig. 5h) . GUS staining was consistently detected in the vasculature of both the stems and the roots. Cross-sectional analysis revealed that the staining mainly localized to the xylem and phloem tissues in leaf, hypocotyl, and root sections ( Fig. 5i-l) .
In reproductive organs, GUS staining was obvious in the flowers (Fig. 5m) ; however, little or no staining was evident in the developing seeds or siliques (data not shown).
Blue color was observed in the anther and also the stigma papillae (Fig. 5n) . Pollen squash analysis indicated that the majority of the GUS staining was from pollen grains (Fig. 5o) . To further analyze GUS expression in flowers, AtPAP15 promoter-GUS transgenic Arabidopsis anthers were sectioned to reveal the stage at which GUS expression was evident. Cross-sections of Arabidopsis anthers revealed little or no GUS gene expression in the early stage of pollen development (Fig. 6 a-d ). This expression increased at later stages of pollen development and was obvious in mature pollen grains Fig. 6e-f ). Staining could also be detected in in vitro germinated pollen (Fig. 5p) .
The promoter-GUS data indicated that AtPAP15 expression is developmentally and temporally regulated, with strong GUS staining at early stages of seedling growth and at late stages of pollen development. The expression was also organ/tissue-specific, with the vasculature, pollen grains, and seedings showing the strongest staining.
AtPAP15::GUS Expression in response to a variety of Stimuli
To analyze AtPAP15::GUS expression in response to a variety of stimuli, two independent homozygous transgenic lines were used for in situ analysis of GUS activity.
In general, the overall GUS staining patterns in shoots and roots were not affected by these treatments. The only exception was at the root tip, where an increase of GUS activity was observed under SA, ABA, NaCl, sorbitol, or manitol treatments (Fig. 7) . In contrast, no alterations in GUS staining were observed under nutrient stresses, such as phosphorus, nitrogen, or potassium starvation (data not shown).
Molecular Characterization of AtPAP15 T-DNA Insertion Mutants and Their
Complementation
Six T-DNA insertion lines at the AtPAP15 locus are available from the Arabidopsis Biological Resource Center, of which we chose Sail_529_D01 (T9) and Salk_061597 (T2) that insert into exon1 and exon2, respectively, to be used in this study. T2 and T9 seeds from the distribution stock were germinated and segregation of the T-DNAencoded antibiotic-resistance marker was tracked. Genomic DNA was then extracted from the antibiotic-resistant T 2 progenies, and this DNA was screened for T-DNA insertion by PCR using gene-specific primers and primers anchored in the T-DNA borders. 3, 5, 6, 8, 9 ) and three (T9-2, 7, 9) individual plants were selected as homozygotes by the absence of the AtPAP15-PCR product (data not shown). Gene AtPAP15 expression was observed in these insertion mutants compared to wild-type plants (Fig. 8b) . A slightly smaller protein band was recognized in all lines by the anti-PAP15 antiserum (Fig. 8 b, c) . This band is not AtPAP15 because it was present in all T-DNA lines, which were shown not to express AtPAP15 mRNA by RT-PCR (Fig. 8a ).
This band, which was not present in tobacco (Fig. 2 b) , could be an AtPAP protein with a high a.a. sequence homology to AtPAP15. Western blotting of wild-type plant using the preimmune serum did not give any band. (Supplemental Figure 1 ).
To verify that the phenotypic difference was due to the disruption of AtPAP15, complementation lines were produced by introducing the construct AtPAP15 in the NOS-promoter-containing pCAMBIA1300 into the mutants. Four homozygous T 3 generation lines bearing one copy of the complemented gene were selected based on segregation of hygromycin-resistance; these lines were verified by PCR screening and Western blotting (Fig. 8c ). Two lines (PC1 and PC2) were chosen for subsequent studies ( Fig. 8a and b ).
Growth Analysis of T-DNA Insertion and Its Complementation under a variety of Stimuli
Based on result of the above GUS assay, AtPAP15 is highly expressed in early stages of germination, implying that it may play role(s) in seed germination or seedling growth. However, the insertion mutants and their complementation lines did not differ in growth performance, phenotypes, or seed germination rate when planted in soil (data not shown).
Therefore, the phosphatase activities of 2-day old seedlings were measured. It was observed that both phytase activity and acid phosphatase (Apase) activity were significantly lower in the T-DNA mutants than that of wild-type, whereas the complementation line showed comparable value to the wild-type (Table IV) . Since GUS studies indicated that AtPAP15 expression was substantial during pollen germination, (Table IV) . In general, the specific activities of phytase and phosphatase in pollen were higher than that in the seedlings among all lines, possibly due to a lower complexity of total protein in pollen.
An in vitro pollen germination experiment was then conducted. As shown in Fig Our results confirmed that AtPAP15 is an acidic phosphatase with phytase activity.
Phytate (myo-inositol hexakisphosphate, InsP6), which is primarily complexed with metal ions, is the principal storage form of phosphorus in seeds (Otegui et al., 2002) and pollen (Jackson and Linskens, 1982) . The globoid in the protein storage vacuole of the Arabidopsis seed embryo is primarily composed of Ca/Mg/K-phytate salts (phytin); thus, phytin breakdown in these cells releases P, Ca, Mg, K, and carbon for embryo growth and division (Otegui et al., 2002) . In pollen, small electron-dense globoids rich in Ca, Mg and P were only found within cytoplasmic vesicles of vegetative cells but not in germ cells (Butowt et al., 1997) . These globoids, which were suggested to contain phytin, were found to increase and decrease in size and number during pollen maturation and germination, respectively (Butowt et al., 1997) . During seed and pollen germination, phytases are required to hydrolyze phytate to less-phosphorylated compounds myo-inositol and inorganic phosphate. This phosphorous supply is essential for seedling development (Reddy et al., 1989) . GUS staining studies demonstrated that AtPAP15 was strongly expressed during seed and pollen germination. Its expression was significantly increased in 2-day-old compared to 1-day-old seedlings ( Fig. 5a-b) , and in pollen, AtPAP15 was not expressed during pollen development but was strongly expressed during pollen germination (Fig. 6 ). These observations are consistent with its possible role in the release of internal phosphorus reserves.
The seedings of T-DNA lines only exhibited 35-55% of phytase activity of wild- APase activity of that of wild-type (Table IV) and this reduction is correlated with a lower in vitro germination rate of the pollen (Fig. 9) . These results indicated that AtPAP15 is a key phytase/phosphatase during pollen germination, and implicated a physiological role in the mobilization of phosphorus reserves in pollen. It is unlikely that AtPAP15 is secreted from pollen for external phosphorus assimilation. During in vitro germination of Lilium Longiflorum pollen, in-gel acid phosphatase activity staining of germination medium only generated a single 32 KDa TRAP and therefore it is unlikely to be an AtPAP15-like protein (~60kDa) (Ibrahim et al., 2002) . nine cysteine residues at conserved positions, which was not found in PAPs from other subgroups. The presence of these nine cysteine residues (Cys 160, 237, 240, 375, 414, 441, 456, 467, and 522 , with respect to the amino acid sequence of AtPAP15) may be a signature of plant PAPs with phytase activity.
AtPAP23 also exhibits phytase activity (Zhu et al., 2005) and its GUS expression profile was markedly different from that of AtPAP15. The promoter of AtPAP23 is only highly active in flowers, but not in shoot, apical meristems during the early stages of flower differentiation. In mature flowers, AtPAP23 is only active in petals, stamen filaments, the base of the stamen filaments, and the pistil, areas where AtPAP15 is not expressed. In contrast to AtPAP15, AtPAP23 is not expressed in the stigma or the anthers. It may be that AtPAP23 is specialized for phosphorus supply during flower development, whereas AtPAP15 is responsible for phosphorus reserve mobilization AtPAP15 expression was not restricted to the reserve storage organs; its expression was also strong in the plant vascular tissues (Fig. 5e-l) where phytate amounts are scarce. Furthermore, it is noteworthy that phytate was not the only substrate of AtPAP15 (Table II) . Rather, it was active towards many organic phosphorus compounds. Vascular tissues allow the transport of energy compounds from the shoots to the roots and the transport of nutrients from the roots to the shoots. AtPAP15 may mediate the remobilization of inorganic phosphates from organic phosphorus compounds, and may help maximize the P efficiency of the plant by redistributing surplus P from the mature to the growing tissues. This possibility is consistent with the lack of AtPAP15 expression in root tips and hairs (Fig. 5g-h) , where very large amounts of inorganic phosphate are consumed for building biomolecules such as DNA and RNA.
Arabidopsis does not secrete phytases from its roots (Richardson et al., 2001 ).
AtPAP15 is unlikely to be secreted into the root exudates, as it was not expressed in the root hairs or in epidermal cells. In contrast, tobacco secretes phytase PAPs from its roots during phosphorus deficiency (Lung and Lim, 2006; Lung et al., 2008) 
MATERIALS AND METHODS
AtPAP15 Cloning, Vector Construction, and Tobacco Transformation
The Columbia ecotype (Col-0) of Arabidopsis thaliana was used throughout this study.
Total RNA was extracted using the TRIzol method (Invitrogen) from 3-week-old 
Generation of Specific Anti-AtPAP15 Antisera by Affinity Purification
The signal peptide of AtPAP15 was predicted by the SignalP 3.0 server (Bendtsen et al, 2004 ). The ORF of AtPAP15 excluding its predicted signal sequence (residues 1-19) was subcloned into the pGex2T E. coli overexpression vector. Soluble recombinant GST-AtPAP15 was expressed in the E. coli strain Rosetta (1:10000; Sigma, USA) were diluted at 1:2,000 and 1:10,000, respectively. NBT/BCIP (Invitrogen, Hong Kong) were used as substrates.
Protein Extraction and Purification
Fifty grams of transgenic tobacco leaf tissue were ground in liquid nitrogen and extracted with 50 mM sodium acetate buffer (pH 5.0), freshly supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 5 mM Dithiothreitol (DTT). The leaf tissue extracts were then centrifuged at 12,000 x g twice and the supernatant was used for protein concentration and enzyme activity measurements. The enzyme was further purified to homogeneity by three chromatographic procedures (Table I) 
Determination of native molecular weight by gel filtration chromatography
The native Mw of the purified enzyme was estimated by gel filtration (Superdex 75. 10 x 300 mm) using the ÄKTA purifier FPLC system (GE Healthcare) as described above. It was calculated from a plot of Kav (partition coefficient) against log Mw, which was calibrated using five protein standards, including IgG ( 
Phytase Activity Assay
Phytase activity was estimated colorimetrically by monitoring the release of inorganic phosphate from phytic acid (Na-InsP6, Sigma-Aldrich). One unit (U) of phytase activity was defined as the release of 1 μmol of phosphate per minute under the described conditions. Fifty microliter samples were reacted at 37°C for 1 h in a 100 mM NaOAc (pH 4.5) assay buffer containing 1 mM Na-InsP6; the reaction was terminated by addition of an equal volume of 4% (w/v) TCA. The liberated inorganic orthophosphate was quantified spectrophotometrically with molybdenum-blue (Murphy and Riley, 1962) . Background readings due to Pi contamination (T=0) was subtracted before calculation. The protein concentration was estimated by the standard Bradford protein assay using the Protein Assay Dye Reagent Concentrate (Bio-Rad, Hong Kong). Bovine serum albumin was used as a standard.
Biochemical Characterization of a Plant-derived AtPAP15
pH profile The pH optimum for phytase activity was measured at 37°C at different pH values (2.5-8.0) using 1 mM Na-InsP6 as substrate in the following buffers: glycineHCl (pH 2.5-4.0), NaOAc (pH 4.5-5.5), Tris-maleate (pH 6.0-7.5), and Tris-HCl (pH 8.0).
Temperature and Thermal Stability Profiles
The optimum temperature for phytase activity was measured over a temperature range of 23-85°C in 100 mM NaOAc buffer (pH 4.5) containing 1 mM Na-InsP6. For the thermal stability assays, the phytase assay was carried out at 37°C after the enzyme was pre-incubated at different temperatures (23-85°C) for 15 min. NaOAc (pH 4.5), was 1 mM.
Effect of Ions and Inhibitors on Enzymatic Activity The effects of different anions
and cations on the phytase activity were tested by supplementing the reaction mixture with 5 mM of various salts: AlCl 3 , CaCl 2 , CaCl 2 , CuCl 2 , MgCl 2 , MnCl 2 , NiCl 2 , KCl, NaCl, NaNO 3 , Na 2 SO 4 , Na 2 SO 3 , and ZnCl 2 . The enzyme was incubated with inhibitors at various concentrations (0, 0.25, 0.5, 1, 2.5, and 5 mM) for 10 min prior to the enzyme assay. Inhibitor solutions, including EDTA, sodium citrate, NaMoO 4 , sodium potassium tartrate, and NaF, KH 2 PO 4 , were prepared in 100 mM NaOAc (pH 4.5). were stained by the periodic acid-Schiff's reaction for total carbohydrates and counterstained with 1% (w/v) amido black 10B for protein (Yeung, 1984) . For the localization of the GUS staining products within cells, some sections were examined without staining (Bassuner et al., 2007) . Processed sections were viewed with a Leitz Aristoplan photomicroscope, and the images were captured using a Leica DFC480 digital camera.
Enzyme Kinetics
Composite plates were assembled using Photoshop CS2.
Analysis of AtPAP15::GUS Expression in response to a variety of Stimuli
Homozygous pBa002a-AtPAP15 GUS lines (T 3 ) were used as plant materials. For phytohormone treatment and for salt and osmotic stresses, seeds were germinated in MS agar plates for 7 d prior to treatment and incubated in liquid medium for another 12-48
h. The treatments were as follows: ABA (abscisic acid, 100 μM), GA3 (giberellic acid, 100 μM), MeJA (methyl jasmonate, 50 μM), SA (salicylic acid, 100 μM), H 2 O 2 (4 mM), NaCl (250 mM), sorbitol (300 mM), and manitol (300 mM). To generate the construct for complementation, an AtPAP15 construct, including the NOS-promoter and the AtPAP15 cDNA, was subcloned into a pCAMBIA1300 plant expression vector. Empty pCAMBIA1300 vectors were employed as controls. The construct was transferred into an A. tumefaciens strain GV3101, and T-DNA mutants were transformed using the floral-dip method as described previously. T 1 plants were selected using MS plates with hygromycin (20 mg/L) and verified by PCR screening.
Homozygous T 3 lines were later selected by hygromycin resistance and verified by PCR and Western blotting analysis.
Pollen Germination Analysis
T-DNA homozygous (T2 and T9), wild-type, and complementation lines were planted in soil for pollen collection. In vitro Arabidopsis pollen germination experiments were conducted as described previously (Fan et al., 2001) . After an 8 h incubation in a climatic chamber, the pollen germination rate was analyzed under a microscope. Experiments were repeated three times and at least three replicates were carried out. For each replicate, no less than 500 pollen grains were counted. The pollen grains with emerging tubes longer than their diameter were considered as germinated.
Enzyme assay of seedlings and pollen during germination
To measure the phytase and APase activity during seed germination, around 100 seeds of different lines were surface sterilized with 20% clorex and then sowed in sterilized MQ water. Seeds were collected after 48 hours, and protein was extracted using 100 mM sodium acetate buffer (pH4.5) and 1 mM PMSF. Internal substrates, phosphate and salts were removed from the protein fraction by microcon (MWCO 10,000, Millipore). Phytase and APase activity were detected using 1mM Na-phytate and pNPP as substrates, respectively. For pollen, different lines were planted in soil for pollen collection. In vitro Arabidopsis pollen germination experiment was carried out as described above. After 8 h germination, the pollens were collected by centrifugation and the protein was extracted for enzyme assays as described above. Experiments were repeated twice and at least four replicates were carried out.
Data Analysis
All data were analyzed by one-way analysis of variance (ANOVA) using the least significant difference at the level of 5% (p < 0.05) to identify the significant differences between the observations, with the aid of the statistical program of SPSS 10.0.
For in silico analysis, homology searches in GenBank were done using the BLAST 
